ABSTRACT. Slow erosion has characterized the Namib Desert, the Namibian escarpment, and the adjacent Namibian highlands over the Pleistocene. Paired analyses (n‫)66؍‬ of in-situ-produced 10 Be and
, adapted from Jacobsen, Jacobsen, and Seely (1995) . Inset is digital elevation model of southern Africa with arrow showing study area including escarpment, coastal plain, and highlands. Shading represents elevation; darker is higher.
plain pediments, are formed (King, 1953 (King, , 1957 1967; Partridge and Maud, 1987) . More recently, numerical models have been used to simulate landscape processes of escarpment retreat and pediment formation (Gilchrist and others, 1994; Gilchrist and Summerfield, 1990; Kooi and Beaumont, 1994; van der Beek and others, 1998; Tucker and Slingerland, 1994) . These models rely upon empirical calibration of erosion rates over time. Recent advances in geochronology (analysis of cosmogenic isotopes produced in situ and fission track analysis) provide a different and novel means by which to understand landscape change quantitatively. The analysis of cosmogenic nuclides, those formed by nuclear interaction of cosmic radiation with common rock-forming minerals, allows estimation of near-surface residence times and thus erosion rates for exposed crustal materials over the 10 3 to 10 6 yr time frame (Bierman, 1994; Cerling and Craig, 1994; Davis and Schaeffer, 1955; Lal, 1988; Lal and Peters, 1967) . In contrast, fission track analysis provides mass removal data on a longer time scale, 10 6 to 10 8 yr, Cosmogenic isotope and fission track analysis are complementary tools capable of estimating the location and magnitude of mass removal from Earth's surface over differing time and length scales.
This paper describes the Pleistocene erosional history of Namibia based on paired nuclide ( 10 Be and 26 Al) analyses of 66 quartz-bearing samples collected over a wide area of west-central Namibia (tables 1-5). Our work builds upon the work done by Cockburn, Seidl, and Summerfield (1999) and Cockburn and others (2000) in Namibia by greatly expanding the number, type, and spatial coverage of cosmogenic nuclide analyses. We compare our new data to existing fission track measurements (Brown and others, 2000; Cockburn and others, 2000; Brown, 1997, 1999) and use the combination to evaluate existing paradigms of landscape behavior.
setting Three elements dominate the Namibian landscape of southwestern Africa: a major, coast-parallel escarpment zone, the Namib Desert, and the highlands landward of the escarpment ( fig. 1, inset) . The escarpment rises 500 to 1000 m from the edge of the Namib Desert to the highlands ( fig. 2 ). In some places the escarpment is quite distinct; in other places it is dissected, and the transition from the coastal plain desert to the more humid highlands is a gradual one. Above the escarpment are rolling highlands where precipitation is sufficient to support extensive vegetation and the development of at least minimal colluvium on hillslopes (figs. 1 and 3). Where coarse crystalline rocks crop out, inselbergs are common both above and below the escarpment (Ollier, 1978) .
The escarpment initiated during the breakup of Africa and South America, 135 my (Brown and others, 2000; Partridge and Maud, 1987; Ward and Corbett, 1990 ). Some suggest that since then the main escarpment as well as other smaller escarpments resulting from base level changes have retreated steadily (King, 1967) and in a parallel fashion (Penck, 1924) to their current position, on avg 150 km from the coast in central Namibia. Others suggest initial or delayed but still rapid denudation of the coastal plane with or without subsequent slow escarpment retreat (Partridge and Maud, 1987; Brown and others, 2000; Cockburn and others, 2000; Gallagher and Brown, 1999; Summerfield and others, 1997; Ward and Corbett, 1990; van der Beek and others, 1998) .
The former scenario implies an average, on-going escarpment retreat rate of about a kilometer every million years. The latter scenario implies a current retreat rate of meters to tens of meters per million years. The retreat of the escarpment left behind the beveled coastal plain, also referred to as the Namibian Unconformity Surface (Ollier, 1977) , upon which a thin and discontinuous cover of Tertiary sediments can be found. Offshore sediment volume data, summarized by Ward and Corbett (1990) , suggest rapid escarpment retreat and extensive sediment generation in the Cretaceous during which time the coastal plain formed. By the Tertiary, sedimentation rates off shore dropped significantly (Ward and Corbett, 1990) .
The Namib Desert extends across this coastal plain from the base of the escarpment (approx 1000 m above sealevel, fig. 1 ) to the Southern Atlantic Ocean. The desert is generally a low relief surface where bedrock is rarely far below the discontinuous cover of alluvium and colluvium. There is no deep regolith (Selby, 1977) . The Namib Desert is punctuated by inselbergs ( fig. 4) , isolated outcroppings of rock commonly surrounded by pediments, gently dipping bare or nearly bare bedrock surfaces (Selby, 1977 (Selby, , 1982a Cockburn, Seidl, and Summerfield, 1999; Ollier, 1978) . The origin of these inselbergs is uncertain; some argue for stripping of deep regolith in Africa and elsewhere (Twidale, 1978; Oberlander, 1972) ; others argue that these are inselbergs of position sequentially exposed by the retreating escarpment (King, 1966; Selby, 1977; Thomas, 1978) .
Exposed rock surfaces in Namibia are usually weathered; mass is often lost either by granular disintegration or by the exfoliation of thin (centimeter-scale) sheets ( fig.  3 ). Salty efflorescences are particularly common near the coast suggesting that salt-induced weathering is important in the breakdown of rock in this zone (Goudie, 1972) . In particularly windy locations, both rock outcrops and clasts on desert surfaces are well ventifacted; the sand blasted rock is fresh and unweathered.
Extensive low-relief gravel surfaces occur within and seaward of the escarpment zone (Ward, 1987; Ward and Corbett, 1990) . These surfaces extend for kilometers and are typically covered by rock clasts, many of which are composed of quartz or chert (fig. 5). The clasts are competent, unweathered, and polished; the frequency and style of polish suggest the polishing is done by wind. Most of the surfaces have little if any vegetation present. These appear to be deflational surfaces with gravel and sand lags overlying carbonate-cemented material (Goudie, 1972) . Most of the gravels we sampled are probably part of the Miocene Karpfenkliff formation or one of its equivalents to the north (Ward, 1987) . The origin of the gravel sampled at NAM-58 is uncertain; it may be the northern equivalent of the fluvio-marine, Miocene Roikoop gravels described farther south up to an elevation of 90 m asl and reflecting a Miocene sealevel rise (Ward, 1987) .
The extensive Miocene gravels have been interpreted to suggest a more moistureeffective hydrologic regime, at least in the highlands, at the time of their deposition. The thick and extensive carbonate cement is a later Miocene addition, termed the Kamberg Calcrete (Ward, 1987) . The continued existence of the calcrete reflects increasing Namibian aridity since the Miocene. The excellent preservation of the carbonate implies that aridity has been maintained, in general, to the present day (Ward and Corbett, 1990) . The gravels and calcrete represent the last widespread deposition on the piedmont before deep incision into the coastal plain by the escarpment-crossing rivers. The incision and the consequent preservation of paleo surfaces have been attributed to late Tertiary/Quaternary epirogeny (Partridge and Maud, 1987; Ward, 1987; Ward and Corbet, 1990) .
Namibia is a dry landscape and the Namib desert is particularly so. Subtropical easterly winds move over the African continent losing their moisture before descending the escarpment and drying further. The south Atlantic anticyclone, the cold Benguela current, and consequent coastal upwelling offshore of Namibia ensure little precipitation reaches the coast. Mean annual precipitation is Ͻ25 mm on the coast, 50 to 200 mm at the base of the escarpment, and 200 to 450 mm on the highlands above the escarpment ( fig. 1 and Jacobsen, Jacobsen, and Seely, 1995) . Fog drip is an important moisture source on the coastal plain (Jacobsen, Jacobsen, and Seely, 1995) . All rivers and streams originating in Namibia are ephemeral; the only perennial rivers Miller and Schalk (1980) ; 4 as identified on South African 1:250,000 topographic maps; 5 determined by GPS; 6 determined from 1:250,000 maps; 7 determined from 1:50,000 maps. 333 production across the Namib Desert and escarpment, Southern Africa Table 3 Interpretation of cosmogenic nuclide data from Namibian bedrock samples 1 Limiting minimum model ages calculated using formulation of Lal (1988) assuming instantaneous exposure, no erosion, and production rates of Nishiizumi and others (1989) including 20% uncertainty in production rates; 2 limiting maximum erosion rates calculated using formulation of Lal (1991) assuming continuous exposure, steady erosion, and production rates of Nishiizumi and others (1989) including 20% uncertainty in production rates; 3 in ϭ inselberg, oc ϭ outcrop. weighted average is basin integrated production rate calculated by convolving basin hypsometry and production rate function at 100 to 500 meter bins (Bierman and Steig, 1996) ; assumes sediment is generated throughout the basin; 6 limiting model erosion rates calculated using formulation of Bierman and Steig (1996) . Be ratio, assumes no erosion and thus no change in production rates over time; in Namibia flow along the borders and originate elsewhere (Jacobsen, Jacobsen, and Seely, 1995) . The timing of the onset of initial aridity is uncertain (Ward and Corbett, 1990) . Some argue for an Eocene onset (Ward and Corbett, 1990) ; others suggest , the highest denudation rate measured in this study. Fig. 3 . View from top of inselberg, where samples NAM-1, 2, and 3 were collected, showing topography, vegetation, and rock weathering in a highland area underlain by granite and receiving 350 mm yr Ϫ1 of precipitation. Sign board marks the site of NAM-3. NAM-1, NAM-2, and NAM-3 have model erosion rates of 2.1, 2.5, and 3.3 m my Ϫ1 , respectively. Mass loss from the sampled surfaces appears to be dominated by thin sheeting.
aridity began in the Miocene (Partridge and Maud, 1987) . A variety of studies indicates some climate variability within continuing Quaternary aridity (Selby, Hendy, and Seely, 1979; Heine, 1985) .
The geology of west-central Namibia is varied and influenced strongly by ancient orogenies; many of the older rocks were metamorphosed during the Precambrian, and many of the granitic rocks were intruded during the Cambrian. In the west central part of the country where we sampled, bedrock is commonly coarse crystalline gneiss and schist (Miller, 1983; Miller and Schalk, 1980) . Many of these rocks are pervasively deformed. The isotopic data we present here were measured in quartz mineral separates; thus, our conclusions are most robust for the quartz-bearing lithologies in the field area.
understanding landscapes using cosmogenic nuclides
Cosmogenic nuclides, such as 10 Be and 26 Al, are produced in rock as cosmic rays, primarily neutrons, interact with atoms such as Si and O in quartz (Lal, 1988; Lal and Peters, 1967) . The cosmic rays and more importantly the secondary neutron cascade are attenuated exponentially in the Earth's atmosphere and in the upper several meters of Earth's crust. Accordingly, cosmogenic 10 Be and 26 Al, produced in rocks residing near the surface, are indicators of residence time in this region of cosmogenic nuclide production (Lal, 1991) . Very low nuclide production rates in terrestrial materials (10 1 -10 3 atoms g Ϫ1 yr Ϫ1 ) result in low nuclide concentrations and demand sensitive analytical procedures, in particular, Accelerator Mass Spectrometry (AMS), to quantify reliably nuclide abundance (Elmore and Phillips, 1987; Finkel and Suter, 1993) . Chemical treatments remove nuclides produced in the atmosphere and adhered to the surfaces of mineral grains (Kohl and Nishiizumi, 1992) .
Nuclide abundances are interpreted using a variety of models dependent on a variety of assumptions (Bierman, 1994) . Rocks collected from rapidly exposed, non- eroding surfaces may be dated (Gosse and others, 1995; Stone and others, 1996; Stone, Ballantyne, and Fifield, 1998) ; whereas, nuclide abundance in samples collected from steadily eroding surfaces may be used to calculate maximum limiting erosion rates (Bierman and others, 1995; Bierman and Turner, 1995; Bierman, 1994; Lal, 1991; others, 1986, 1991) . Nuclide abundance in sediments collected from Fig. 5 . Sampled gravel surfaces in Namibia. (A) Surface in the escarpment zone from which NAM-13 clasts were collected . Gneissic inselberg in background similar to that from which NAM-10, NAM-11, and NAM-12 were collected. White clasts on surface are carbonate derived from eroding petrocalcic horizon. (B) Cross-section view of NAM-13 sample site in the escarpment zone. Surface is underlain by several meters of carbonate cemented gravel, which overlies beveled bedrock; tree for scale. (C) Surface from which NAM-17 samples were collected, looking west. Samples from this surface have the greatest 10 Be abundance of any collected in this study, equivalent to more than 1.8 my of continuous surface exposure. Ratio data ( 26 Al/ 10 Be) suggest 3 to 5 myr histories for some NAM-17 clasts. (D) View northeast toward the escarpment and highlands from sample site NAM-17. Flat surface in middle distance is similar in elevation and morphology to the NAM-17 sampled surface. (E) Flat gravel surface (NAM-58) near the coast. Sand collected by vegetation shows one way in which burial, detected isotopically, may occur for clasts on Namibian gravel surfaces. (F) Ventifacted clast, similar to those analyzed, in place on desert surface at site NAM-51; pen for scale.
streams and rivers is proportional to the average erosion rate integrated over the drainage basin (Bierman and Steig, 1996; Brown and others, 1995b; Granger, Kirchner, and Finkel, 1996) . If sediment residence times are short, such nuclide abundances equate to rates of bedrock lowering. Nuclides measured in colluvium and in samples collected from sedimentary deposits can be used to understand lowering, deposition, and sediment transport rates across the landscape others, 2000, 2001; Clapp, Bierman, and Caffee, in press; Nichols and others, in press; Small, Anderson, and Hancock, 1999; others, 1999, 2000) .
Analysis of paired nuclides having different half-lives, such as 10 Be (t 1/2 ϭ 1.5 Ma) and 26 Al (t 1/2 ϭ 0.7 Ma) can provide additional information about sample history (Bierman and others, 1999; Klein and others, 1986; Nishiizumi and others, 1991 Be/ 26 Al production ratio, the contrast in nuclide half-lives, and each sample's particular geologic history in terms of burial and exposure. Samples that are continuously exposed will have a predictable nuclide abundance and 10 Be/ 26 Al ratio (Klein and others, 1986; Nishiizumi and others, 1991) . However, if a bedrock outcrop, boulder, clast, or sediment has been buried and shielded from cosmic rays during or after exposure, the 10 Be/ 26 Al ratio will deviate from the predicted value and drop as the nuclide with the shorter half-life ( 26 Al) decays more quickly. Such an approach can be used to set lower limits on the sample's total history of exposure and burial and has been employed for dating cave sediments (Granger, Kirchner, and Finkel, 1997) and glaciated surfaces (Bierman and others, 1999) . However,
10
Be and 26 Al can be used to identify complex exposure histories only in samples that have been buried for Ͼ10 5 yrs, a significant part of the 26 Al half-life (0.7 Ma).
methods
To characterize the rate at which rock weathers and the landscape of west central Namibia changes, we collected and analyzed three types of samples: sediment from active stream channels, clasts preserved on very low-relief geomorphic surfaces, and rock (primarily granite and gneiss). Samples were collected in December, 1998. Locations were determined using a hand-held, Garmin GPS (table 1) .
We collected coarsely crystalline, quartz-bearing rock samples from bare bedrock outcrops along three transects from the highlands to the coast ( fig. 1 ; tables 1 and 3). We sampled mostly rocks mapped as granite (Miller and Schalk, 1980) ; however, some of the samples exhibit strong fabrics and are more gneissic in character. In a few places where granite did not crop out, we collected quartzite from the meta sedimentary cover and quartz veins from the gneiss ( fig. 6 ). We sampled primarily the tops and flanks of granitic inselbergs or isolated rocky hills, to characterize the rate at which bare rock erodes (figs. 3 and 4).
We collected sediment samples both from rivers draining large basins (10 3 -10 4 km 2 ) and from streams draining small catchments (10 0 -10 1 km 2 ). We sampled sediment from the dry channels of four through-flowing rivers which originate on the highlands and cross the escarpment, the Ugab, the Kahn, the Omaruru, and the Kuiseb ( fig. 1 and table 4) . We also sampled three small catchments. One small catchment was located above the escarpment and drains granitic outcrops on the Weissenfels farm; one stream drains schist of the escarpment near Gamsburg Pass; one stream drains granitic terrain at Ranch Amieb on the coastal plain ( fig. 7 ). All channels we sampled were dry as is typical in Namibia where streams and rivers flow quite rarely. Samples were integrated by collecting across the channel and we analyzed only the 250 to 800 mm sand fraction, because experiments in other arid regions show no dependence of nuclide concentration on grain size others, 2000, 2001; Clapp, Bierman, and Caffee, accepted) . We collected clasts from four different geomorphic surfaces, one within and three below the escarpment zone (table 5). All surfaces were covered by gravel and sand, were extremely flat, and had little or no vegetation ( fig. 5) . On each surface, we collected three clasts of quartz or chert; each clast was selected because it was large enough to analyze individually, 5 to 10 cm in each dimension. All clasts were ventifacted and wind polished; however, we cannot determine the amount of mass lost from the geomorphic surfaces by all processes and from the clasts by wind erosion ( fig. 5F ). Samples were returned to the University of Vermont and treated to isolate 20 to 40 grams of pure quartz. Clasts and rock samples were crushed and the sediment samples were sieved. Samples were given a single ultrasonic etching in 6 N HCl followed by repeated etchings in 1 percent HF and HNO 3 (Kohl and Nishiizumi, 1992) . For samples with significant mafic minerals remaining after etching, we used tungstatebased heavy liquids to further isolate quartz by density separation. Chert samples (NAM-58A,C) were etched for shorter periods of time.
After one additional HF/HNO 3 etching, samples were dissolved in HF along with 250 g of Be-carrier (SPEX brand) and, if needed, Al carrier to bring the total quantity of 27 Al to Ͼ2000 g. Aliquots were taken directly from the HF solution for measurement of stable Al. Total Al was quantified by ICP-AE (Inductively couple Argon Plasma Spectrometry, Optical Emission) using duplicate measurements of multiple aliquots normalized to four internal standards run as unknowns. Precision of total Al measurements is better than 2 percent. Solutions were purified by anion exchange as well as pH-specific precipitation. Be and Al were separated by cation exchange, precipitated as hydroxides, and burned to produce oxides.
The oxides were mixed with Ag and packed into targets in a HEPA-filtered glove box at the University of Vermont. Targets were analyzed by AMS (Accelerator Mass Spectrometry) at Lawrence Livermore National Laboratory (LLNL). Analyses were normalized to standards either prepared by K. Nishiizumi or prepared by LLNL and referenced to standards prepared by K. Nishiizumi. Blank corrections (typically Ͻ 1 percent) were made based on the analysis of full process blanks run with each batch of seven samples. Analysis of one laboratory replicate, NAM-7X, suggests that our data are reproducible to several percent (table 2) .
data analysis
We reduce data as maximum limiting erosion rates and minimum limiting surface exposure ages using accepted interpretive models for cosmogenic nuclides (tables 1-5; Bierman and Steig, 1996; Lal, 1988 Lal, , 1991 . Field observations suggest that the erosion model is more valid than the exposure case; however, we quote the results of both calculations for comparison. Some clast samples, for which cosmogenic nuclide ratio data indicate complex exposure histories, are considered using the methodology presented in Bierman and others (1999) . We normalize measured nuclide abundances to sealevel and high latitude using data of Lal (1991) , considering only neutrons. Such calculations assume that muon-induced production is inconsequential in our samples, an assumption supported by recently published data (Brown and others, 1995a; Granger and Smith, 2000) .
To facilitate comparison with earlier studies, we make our calculations using a sealevel, high latitude 10 Be production rate of 6.0 atoms g Ϫ1 yr Ϫ1 (Nishiizumi and others, 1989) acknowledging that this rate is uncertain and may be 10 to 20 percent too high (Clark, Bierman, and Larsen, 1995) . We propagate a 20 percent uncertainty in production rates when making erosion rate and exposure age calculations. This uncertainty is appropriate when comparing our nuclide-based rates and dates with those generated by other geochronologic systems. Because production rate inaccuracies are in large part systemic, the uncertainty in nuclide abundance (typically only several percent) is more representative of uncertainty when comparing cosmogenicallybased rates between sites in Namibia.
In addition to production rate uncertainties, model erosion rates and exposure ages calculated from cosmogenic nuclide abundances are beholden to a variety of assumptions including uniform and steady erosion (Lal, 1991) , the accuracy of production scaling factors for altitude and latitude (Lal, 1988; Dunai, 2000; Desilets and Zreda, 2000) , and the intermittent covering of outcrops by windblown sediment and soil. Although average, fully propagated, analytic precision for our samples is high (3 and 5 percent for   10   Be and   26 Al, respectively), the uncertainty of calculated ages and erosion rates is likely several times higher. Interpreting 10 Be/ 26 Al ratio data (table 5) is more uncertain; see detailed discussion of error propagation in Gillespie and Bierman (1995) and Bierman and others (1999) . Interpreting nuclide abundances in sediments as basin-scale erosion rates is also beholden to many assumptions including uniform quartz distribution, sediment storage times less than nuclide half-lives, and a steady state landscape (Granger, Kirchner, and Finkel, 1996; Brown and others, 1995b; Bierman and Steig, 1996) . For large and steep basins, the dominant uncertainty is the location (altitude) from which the analyzed quartz is derived. We consider this uncertainty by calculating erosion rates using several limiting cases (table 4) .
data and interpretations

Rock Surfaces
The 47 bare rock outcrops that we sampled in Namibia are eroding slowly, on average 3.5Ϯ1.8 m my Ϫ1 (table 3 and fig. 8 ). Using the assumption of uniform erosion (loss of mass by granular disintegration and thin spalling (Lal, 1991) as we observed at most Namibian outcrops) measured nuclide abundances imply maximum limiting erosion rates ranging from 1.1 to 7.5 m my Ϫ1 (NAM-55 or 44 and NAM-32, respectively), the equivalent of 80 to 500 kyr of continuous surface exposure. NAM-55 and NAM-44, the most highly dosed and presumably most stable rock surfaces, are a quartz vein near the coast ( fig. 6 ) and an inland granite, respectively. NAM-32, the bare rock sample in which we measured the lowest nuclide abundance and thus calculated the highest erosion rate, was collected from a granitic outcrop, also near the coast but 225 km farther south (table 1 and fig. 1 ).
Lack of lithologic control on nuclide abundance and model erosion rates.-Lithology appears to exert little control on the erosion rate of subaerially exposed quartz-bearing rocks in Namibia. The average erosion rates for exposed granite (3.7 Ϯ 2.1 m my Ϫ1 , n ϭ 31), gneiss (3.7 Ϯ 0.7 m my Be activity using steady erosion model of Lal (1991) . Overall mean rock erosion rate is 3.5Ϯ1.8 m my Ϫ1 .
Lack of relationship between bare rock erosion rates, climate, and landscape position.-Analyses of 47 samples collected from bare rock surfaces demonstrate that rock erosion rates in Namibia are quite low, variable, and do not change systematically across wide gradients of three, well correlated landscape-scale parameters: elevation, mean annual precipitation, and distance from the coast ( fig. 9 ). There is no significant Fig. 9 . There is no relationship between bare rock erosion rates and gradients in three landscape-scale parameters. Regression analyses of all three graphs indicated correlation coefficients, r 2 , Ͻ 0.01. (A) Sample site distance from coast, a proxy for fog frequency and salt abundance. (B) Estimated annual rainfall at sample sites (Jacobsen, Jacobsen, and Seely, 1995) . (C) Sample site elevation above sea level. difference between the average rate of denudation calculated for exposed bedrock samples collected above (3.2 Ϯ 1.5, n ϭ 9) and below (3.6 Ϯ 1.9, n ϭ 38) the Namibian Escarpment.
Lack of intermittent burial and complex exposure history.-Taken together, 26 Al and 10 Be data indicate that bare rock surfaces across Namibia have nuclide concentrations most consistent with simple exposure histories, either continuous surface exposure or steady erosion. All bedrock samples have nuclide ratios between 5.0 and 6.4; when plotted on a two isotope diagram, none has a nuclide abundance (at 2 sigma) indicative of extended burial during or after cosmic ray exposure ( fig. 10 ). Only 2 of 47 samples plot more than one sigma below the line of steady erosion; another two samples plot more than one sigma above the constant exposure line. The statistical consistency of all 47 paired nuclide measurements with the assumption of steady erosion or constant exposure, as represented by the intersection of sample points at two sigma uncertainty with the scythe-shaped window in figure 10, suggests that mass loss from eroding surfaces is occurring in pieces considerably thinner than the scale depth of cosmic ray penetration, 165 g cm Ϫ2 or about 60 cm of rock (compare Bierman and others, 1999; Cockburn, Seidl, and Summerfield, 1999; Lal, 1991) . Fig. 10 . Two isotope diagram for 47 exposed bedrock samples collected in Namibia. Scythe-shaped window indicates region where samples that have either been continuously exposed or steadily eroding should plot. Samples with history of burial during or after exposure will plot below line of steady state erosion endpoints that defines the bottom of the scythe-shaped window. All but four Namibian bedrock samples plot within 1 sigma of the region defined by models of constant exposure and steady erosion without complex exposure histories indicating that there is no robust evidence for burial of any sampled surface. Two of the samples plotting below the simple exposure history window were collected from the top of a quarry wall (NAMBG-1 and NAMBG-2) where a thin veneer of regolith may have been removed by quarry operations prior to our sampling; the third, NAM 50, was collected from the top of an inselberg where there is no evidence for prior burial or episodic loss of mass in thick sheets.
The isotopic indication of continuous exposure for our sample set is particularly striking at a site where some intermittent burial might be expected. Vogelfederberg is a massive granitic inselberg rising about 100 m from the beveled bedrock plains of the central Namib Desert. Because the main inselberg had been sampled by Cockburn, Seidl, and Summerfield (1999) , we sampled a smaller, unnamed but adjacent inselberg (fig. 4) . To determine the inselberg's exposure and erosion history, we collected two samples from the top (NAM-27 and NAM-28), one sample from a side slope (NAM-29), and one sample from the bare rock pediment at the base of the landform (NAM-30).
All four inselberg samples have similar nuclide abundances (0.49 Ϫ 0.68 10 Be atoms g Ϫ1 ) and none, including the platform sample which rises just centimeters above the grus-covered plain, shows evidence for burial ( 26 Al/ 10 Be, 5.7-6.1). There is no elevational pattern in either the nuclide ratios or abundances; the pediment sample has nuclide abundances similar to the other three suggesting that it has not been covered significantly in the past by sand, grus, or colluvium which would lower both nuclide abundances and the ratio, 26 Al/ 10 Be. On average, the inselberg we sampled is eroding about 6.5 m my Ϫ1 (n ϭ 4, 10 Be only) similar to the rate of 5.5 m my Ϫ1 (n ϭ 2,
10
Be only) estimated for adjacent Vogelfederberg (Cockburn, Seidl, and Summerfield, 1999) .
Spatial variability of nuclide abundance and model erosion rates.-In many cases, samples collected near one another contain similar nuclide abundances. Samples NAM-10, -11, and -12 were collected from the side and top of a gneiss hill ( fig. 6A ). All are eroding at similar rates (Cockburn, Seidl, and Summerfield, 1999 ) tells a similar story. Two samples (NAM-21 and -22) were collected 20 m apart from two adjacent low (8 m high) domes. The first sample has slightly higher nuclide abundance than the second resulting in model erosion rates of 3.0 and 4.1 m my Ϫ1 , respectively, similar to the average rate measured for the larger, adjacent Mirabib by Cockburn, Seidl, and Summerfield (1999) , 3.9 m my Ϫ1 (n ϭ 2, 10 Be only). In other cases, nuclide abundances vary significantly between adjacent samples. For example, samples NAM-1, NAM-2, and NAM-3 were collected from within 20 m of each other at the top of a granitic inselberg (fig. 3) ; nuclide abundances and thus calculated erosion rates (2.1, 2.5, and 3.3 m my Ϫ1 , respectively. Samples NAM-6 and NAM-7, collected from different parts of a large granitic inselberg capped by spheroidal boulders and separated by tens of meters, have nuclide abundances that vary more than three fold. NAM-49 and NAM-50 were collected within 3 m on the top of an inselberg and have a 4-fold difference in 10 Be activity. To generate such differences by episodic exfoliation of granitic slabs would require removal of material on the scale of 25 to 100 cm, greater than the thickness of most pieces currently being shed from the outcrops we sampled.
Samples of similar lithologies only several kilometers away sometimes have significantly different nuclide abundances and erosion rates. At Ranch Amieb, we collected pairs of nearby samples at two sites separated by only several kilometers. NAM-41 and -42, collected from two nearby (10 m) bouldery surfaces above Phillips Cave, have nuclide abundances that differ by a factor of two and allow calculation of erosion rates of 3.4 and 6.6 m my Ϫ1 , respectively. The other two samples (NAM-44 and -45), collected from a meter-thick weathered granite slab and a smooth, bare granite surface 32 m away, have high and similar nuclide abundances suggesting slow erosion rates of 1.1 and 1.2 m my Ϫ1 . Stability of the Namib Sand Sea's northern margin.-The Namib Sand Sea extends several hundred kilometers along the southern Atlantic coast and contains dunes hundreds of meters high. Currently, its northern margin is defined by the channel of the Kuiseb River; other evidence (Ward, 1987) suggests that the northern margin has been stable during at least the late Pleistocene.
Four cosmogenic nuclide samples (NAM-23 to 26), collected in a kilometer-long transect stretching north of Gobabeb and away from the sand sea margin, suggest that the northern margin of the Namib Sand Sea has not moved north of the Kuiseb River for ӷ100 ky ( fig. 11 ). All four granitic outcrops have similar nuclide abundances (1.47-1.96 ϫ 10 6 10 Be atoms g
Ϫ1
) and similar 26 Al/ 10 Be ratios (5.25-5.59); all samples are compatible with continuous surface exposure and no significant periods of burial. If the Sand Sea had expanded northward and buried the outcrops for significant periods of time (Ͼ100 ky), we would detect such burial in lowered 26 Al/ 10 Be ratios. Furthermore, the lowest outcrop (NAM-23), which is also closest to the river and to today's dune field, would be most likely to be buried and thus would Fig. 11 . NAM-23 sample site with dunes of the Namib sand sea in the background beyond the research station at Gobabeb. In the middle ground, are outcrops surrounded by a thin cover of windblown sand. NAM-23 is the closest outcrop to the Kuiseb River and the sand sea of the four outcrops we sampled at Gobabeb. It, like the other three, show no isotopic evidence for burial by sand thus suggesting that the northern margin of the sand sea has not moved north for at least much of the Pleistocene.
have the lowest nuclide abundance and ratio. However, the nuclide abundance and 26 Al/ 10 Be ratio measured in this sample are not significantly different from those measured in the three nearby Gobabeb samples.
Sediments
We analyzed 10 Be and 26 Al in 7 samples of fluvial sediment; from most of these data, we estimate basin-scale rates of erosion higher than those estimated from bare rock surfaces. Our findings are similar to the results of Small, Anderson, and Hancock (1999) and others (2000, 2001) who found that as a whole bedrock outcrops were more stable than drainage basins as a whole. Ratio data ( 26 Al/ 10 Be; fig. 12 ) for samples from the two largest basins (10 4 -10 5 km 2 ) are consistent with steady erosion (NAM-52 and NAM 57); three other samples from small and intermediate size basins (10 0 -10 3 km
2 ) plot about 1 sigma below the line of steady erosion endpoints indicating some loss of 26 Al by decay during storage or excavation of material from depth. Two samples, NAM-9 and NAM-16, plot 2 sigma below the line of steady erosion. Because some sediment samples show a loss of 26 Al in comparison to 10 Be, we use only the 10 Be data (because of this nuclide's longer half-life) to calculate maximum limiting basin- Fig. 12 . Two isotope diagram for seven sediment samples collected in Namibia shows evidence for loss of 26 Al by decay in some samples. Such loss could result from sediment storage in the drainage basin or from erosion of material dosed under a cover of soil or sediment. Two samples, collected from the largest rivers sampled near where they reach the coast (NAM-52 and NAM-57), plot near the line of steady erosion endpoints. The other samples plot significantly to the left and below the envelope defined by simple surface exposure and steady erosion. Vertical bars represent analytical error in ratio data. Horizontal bars are the range of normalized scale lowering rates. We do this because sediment samples are an amalgamation of many grains, each with its own idiosyncratic history; thus, one cannot correct for the decay of a radionuclide (Brown and others, 1995b; Granger, Kirchner, and Finkel, 1996; Bierman and Steig, 1996) , and the 26 Al data cannot be interpreted quantitatively. Because we do not know the distribution of quartz throughout the contributing watersheds, we present three different estimates (table 4) for basin scale erosion rates calculated using minimum nuclide production rates (assuming all sediment is generated at the sample site elevation), maximum possible production rates (assuming all sediment is generated at the highest point in the catchment), and an altitude/area weighted average production rate calculated by digitizing topographic maps at 100 to 500 meter contour intervals (depending on the size and relief of the basin) and calculating production rates for the mid-point of each interval (table 4). The weighted average calculation for nuclide production rates is most reasonable given the wide distribution of quartz-bearing rocks in all sampled basins; thus, we use this production rate calculation in the discussion of model erosion rates that follows.
The data from four large rivers (NAM-16, -46, -52, and -57) suggest that on average, the Namibian landscape is lowering 6.4 Ϯ 2.9 m my Ϫ1 with calculated, basin-scale erosion rates ranging between 3 and 9 m my
Ϫ1
. Small basin sediment data suggest that basin scale erosion rates above (NAM-8; 5.3 m my
) and below (NAM-43; 8.3 m my Ϫ1 ) the escarpment are similar and are, respectively, 55 percent to 130 percent higher than average erosion rate for bare rock surfaces above and below the escarpment. The spatially integrated erosion rate for a 13 km 2 basin (NAM-9) that heads on the escarpment and is underlain by schist is 16 m my Ϫ1 , much higher than any other erosion rate determined by this study and likely the result of the more rapidly eroding steep escarpment slopes (figs. 2 and 7B) or the more friable, less resistant nature of the schist. The nuclide abundance in Omaruru River sediment (NAM-52) is higher than in all other rivers and higher than many bedrock samples.
Clasts
Clasts, collected from desert surfaces and analyzed individually, have the highest nuclide abundances of all Namibian samples we measured. Maximum 10 Be abundance in clasts collected from coastal plain surfaces increases with elevation although there is significant variance in nuclide abundance at each coastal plain sample site ( fig. 13A) . Single nuclide minimum model exposure ages, calculated directly from 10 Be abundance and assuming no inheritance from prior exposure, approach 1.8 my for some samples (NAM-17D) implying exceptionally long near-surface residence times for individual clasts (table 5 and figs. 13B). If we assume that clast nuclide abundance is controlled by the stability of the geomorphic surface upon which the clast lies, then single nuclide model maximum erosion rates for clasts (and by analogy the geomorphic surfaces) are as low as 0.22 m my Ϫ1 ( fig. 13C ). Model minimum clast exposure ages generally increase and erosion rates generally decrease with distance from the coast and elevation ( fig. 13B and C) suggesting that inland surfaces are either older or more stable. Samples collected within the escarpment zone (NAM-13) in general have the lowest and most consistent nuclide abundances and model ages ( fig. 13A and B) .
Considering 26 Al and 10 Be abundances together suggests that clasts on Namibian gravel surfaces have varying, complex, and extremely long total exposure histories including episodes of exposure, burial, and re-exposure. When evaluated using the two isotope plot, which graphically portrays if a sample has been buried during or after exposure, only 6 of the 12 clasts have nuclide abundances consistent at 2 sigma with a simple exposure history ( fig. 14) . Clast samples are clearly very much different in their 26 Al and 10 Be abundances, their 26 Al/ 10 Be ratios, and thus their geomorphic histories than the bare rock outcrops and fluvial sediments that we sampled (figs. 10 and 12).
Modifying the methodology of Bierman and others (1999) for interpreting sample histories from measured 26 Al/ 10 Be ratios, we calculate total minimum sample histories for samples that plot below the simple exposure envelope (table 5 and fig.  13D ). Such histories are a model construct; they are non-unique solutions that provide only the shortest possible near-surface history for each clast including a minimum time of surface exposure ( fig. 13E ) and a minimum time of burial and cosmic-ray shielding ( fig. 13F ) required for the sample to reach its measured abundance of 26 Al/ 10 Be. Using an iterative solution to generate synthetic histories consistent with both measured 26 Al and 10 Be nuclide abundances (Bierman and others, 1999) , we find that clasts from Namibian gravel surfaces have minimum initial surface exposure times that range from 0.3 to 2.4 my (fig. 13E) ; minimum complete burial times that range from 0.1 to 0.8 my ( fig. 13F ), and total, minimum near-surface histories that range from 0.4 to 2.8 my ( fig. 13D ). Total exposure and total clast histories rise inland; burial times appear random as might be expected if burial is caused by bioturbation or small shifting sand dunes such as we observed near NAM-58.
One can also interpret the clast data using the measured ratios ( 26 Al/ 10 Be) to calculate minimum total exposure times or maximum permissible erosion rates under a cover that absorbs neutrons (Bierman and others, 1999, fig. 3C ). Such calculations generate extremely low erosion rates, some less than 0.1 m my Ϫ1 and extremely long total exposure times, nearly 5 my, implying, as all other model analyses have, exceptional stability for these clasts. Such long total histories and low erosion rates are compatible with both the preservation of the gravels and their suspected Miocene age (Ward, 1987) . 10 Be clast data assuming that clasts, and the geomorphic surface upon which they sit, lower together. (D) Minimum total clast history (burial and exposure) determined from 26 Al/ 10 Be ratio data (Bierman and others, 1999) . (E) Total minimum surface exposure history determined from 26 Al/ 10 Be ratio data (Bierman and others, 1999) . (F) Minimum total burial history determined from 26 Al/ 10 Be ratio data (Bierman and others, 1999) .
The three clasts collected from site NAM-13, a surface within the escarpment zone, are strikingly different in their cosmogenic nuclide signature than clasts collected elsewhere (figs. 13 and 14). As a group, the NAM-13 clasts have much more similar and far lower nuclide abundances than measured in almost all other clast samples. Only clasts collected from site NAM-13 are isotopically consistent with a model of steady erosion at rates near 2 m my Ϫ1 with little or no burial. This isotopic conclusion makes sense; drainages near NAM-13 are incised several to 10 m implying that the geomorphic surface, affected by the presence of the escarpment nearby, is actively eroding. Such erosion limits clast residence time and continually exposes new clasts from below. discussion Cosmogenic nuclide data provide a window into the past behavior of the Namibian landscape. Quantitative estimates of denudation rates allow us to consider how rapidly and in what way landscape elements have changed over time; specifically, by knowing how quickly different parts of the landscape are eroding, we can consider the concept of steady state in terms of landform shape and rates of mass removal over time and space.
Fig. 14. Two isotope plot for 12 clast samples collected from 4 surfaces in Namibia, including exposure and burial isochrons, shows that clasts have a variety of histories. Seven clasts have histories that include significant burial after or during exposure to cosmic rays because they plot more than one sigma below the envelope consistent with steady erosion and continuous surface exposure using production rates of Nishiizumi and others (1989) . Minimum initial surface exposure times indicted in ky. Minimum burial times indicated in ka. Only samples from surface NAM-13, collected within the escarpment zone and shown by upright triangles, are consistent with steady erosion without complex exposure and burial history. For additional explanation of the two-isotope diagram in terms of total sample history see Bierman and others (1999) .
Tempo and Distribution of Erosion
Cosmogenic nuclide data indicate that the Namibian landscape, while relatively stable (compare other erosion rate data in Saunders and Young, 1983) , is dynamic ( fig.  15) . Slow, and in some cases differential, erosion is removing mass from outcrops and drainage basins at rates between 1 and 16 m my Ϫ1 . In general, bare rock outcrops, standing above the plains as hills and inselbergs, have the highest nuclide abundances and thus the lowest model erosion rates. Cosmogenically estimated rates of mass removal are similar to those estimated by fission track (2-14 m my Ϫ1 , Cockburn and others, 2000) and by the unroofing of Karoo rocks and dated kimberlites in South Africa (3.5 and 10 m my Ϫ1 , respectively, Partridge and Maud, 1987) . The inability to detect climate or lithology-dependent differences ( fig. 9 ) in average bare rock erosion rates (excepting the above-average stability of massive quartz veins and the Gamsburg quartzite sampled by Cockburn and others, 2000) may be the result of several factors. Near the coast, where precipitation is least, coastal fogs are common and deposit many centimeters of liquid each year, raising effective moisture levels (Jacobsen, Jacobsen, and Seely, 1995) . Also, deposition of salt, and thus probably salt-induced weathering, increase near the coast. The rapid drainage of rainwater from bare rock outcrops is sufficient to create microclimates of effectively equal aridity across the Ͼ5X rainfall gradient from which our samples were collected. This finding is in contrast to the positive linear relationship between minimum measured bedrock erosion rates and mean annual precipitation for similar samples from more humid 36 Cl measurements on Drakensberg Escarpment, South Africa (Fleming and others, 1999) . (B) Thermal modeling of fission track measurements, central Namibia (Cockburn and others, 2000) . (C) Basin-scale model erosion rates determined from 10 Be abundance of stream sediments (this study). (D) Basin-scale model erosion rates determined from 10 Be abundance of river sediments (this study). Black bar is value calculated from weighted average nuclide production rate for basin. Gray box is range of possible erosion rates consistent with nuclide abundance and range of elevations in drainage basin (table 4) . (E) Bare bedrock model erosion rates; vertical bars represent range of erosion rates at 52 points on the Namibian landscape (data from this study, nϭ47, and Cockburn, Seidl, and Summerfield, 1999 , n ϭ 5).
regions (Bierman, 1995a, b) . For example, in Georgia, where over a meter of precipitation falls yearly, granite and gneiss erode at rates exceeding 7 m my Ϫ1 (Bierman, 1993 (Bierman, , 1995a .
Implications for Escarpment Retreat
Nuclide abundances we measured in sediments suggest that the escarpment zone, where local relief is significant, is eroding more quickly than either the highlands or the coastal plain supporting the recent work of Fleming and others (1999) and Cockburn and others (2000) . However, even though the highest erosion rate we measured in Namibia using cosmogenic nuclides was from sediment shed by the escarpment, the rate of mass loss implied by this measurement (20 tons km Ϫ2 yr Ϫ1 , NAM-9) is nearly two orders of magnitude less than the average mass loss rate (1350 tons km Ϫ2 yr Ϫ1 ) implied by uniform parallel retreat since continental breakup 130 my. Similarly, fission track data do not show rapid unroofing near the escarpment as would be the case if large amounts of mass were being removed by rapid retreat. Together, cosmogenic, off shore sediment loading (Ward and Corbett, 1990) , and fission track data (Cockburn and others, 2000; van der Beek and others, 1998) can be used to argue against the validity of King's hypothesis for steady retreat of the Namibian Escarpment at rates approaching 1 km my Ϫ1 . The conclusion of slow if any retreat of the Namibian escarpment is similar to that of Summerfield and others (1997) who found that the Drakensberg escarpment of southern Africa is currently retreating only slowly and that coastal zone denudation there also occurred rapidly after initial continental breakup, 130 Ma. Escarpments of the southern African continent appear to be stable, slowly eroding landscape features.
Landscape Behavior
Comparing outcrop data (point erosion rate estimates) to limited sediment data from small drainage basins (basin-scale sediment generation rate estimates) indicates that outcrops are more resistant to erosion than drainage basins as a whole, a finding repeatedly reported by others (Bierman, 1994; others, 2000, 2001; Clapp, Bierman, and Caffee, accepted; Small, Anderson, and Hancock, 1999; others, 1999, 2000) . This difference suggests that relief may grow over time until inselbergs, with relatively stable tops, are consumed by erosion from their margins (Twidale and Bourne, 1975; Bierman and others, 1995) . A similar pattern of differential erosion is consistent with cosmogenic data from the Gamsburg where a flat-lying, resistant quartzite cap protects the summit as the steep granitic sides erode 4 to 50 times more quickly (Cockburn and others, 2000) .
In contrast, samples from the extremely flat-lying and extensive gravel surfaces consolidated by pedogenic processes (specifically the deposition of calcrete and gypcrete) have the highest cosmogenic nuclide abundance. Several surface clasts have near-surface exposure histories approaching 3 my; such extreme stability has been found only in the hyperarid Atacama Desert (Nishiizumi and others, 1998) and parts of Antarctica where liquid water is usually absent (Nishiizumi and others, 1991) . Presumably such extraordinary stability is the result of extended dry conditions, the lack of well developed drainage networks on these surfaces, and low surface gradients. It is possible that erosion-resistant clasts float on slowly deflating surfaces (Wells and others, 1995) increasing their dosing over time as the surface lowers beneath them.
Steady State Behavior?
Our basin-integrating cosmogenic sediment data, when considered along with fission track thermal histories (Cockburn and others, 2000) , indicate that regional denudation rates are similar over two very different time scales. Fission tracks suggest that long-term (0-36 my) average erosion rates near the coast have been several meters per million years rising to between 8 and 15 m my Ϫ1 in the highlands. These rates are consistent with the basin-scale rates we measure (table 4) ). Together, the data suggesting that the entire Namibian margin has been eroding at similar rates over the past 36 my implying steady-state, in terms of erosion rates, since the mid-Tertiary.
We find no significant difference between bare rock erosion rates above and below the Namibian Escarpment, implying that exposed coarse crystalline rocks in the highlands and on the coastal plain are lowering at similar rates. Thus, cosmogenic data support the fission-track and sediment-volume based conclusion, that coastal plain lowering occurred rapidly post-rifting and that differential erosion of the coastal plain is no longer occurring (Ward and Corbett, 1990; Brown and others 2000; Cockburn and others, 2000) . Because we cannot detect any spatial patterning of erosion rates and because the erosion rates we measured are generally very slow, the Namibian landscape is approaching a geomorphic steady state where its overall shape changes only slowly, if at all, over time.
Cosmogenic data indicate that the Namibian landscape as a whole is eroding so slowly that large landforms, the overall topography, and the geomorphic appearance change little over 10 5 to 10 6 yr. The isotopic ratio data ( 26 Al/ 10 Be) for our bedrock samples are consistent with slow, steady erosion of the bare rock outcrops; we find little evidence for episodic burial nor for episodic loss of thick sheets of rock as suggested by Cockburn, Seidl, and Summerfield (1999) for several of their 6 samples. This finding of landscape stability is buttressed by isotopic data from just north of the Namib Sand Sea (NAM-23 to -26), which suggest that over the past 10 5 -10 6 yrs, the Kuiseb River has prevented sand from migrating northward and burying granite outcrops. Similarly, the lack of burial in samples from the base of an inselberg near Vogelfederberg argues for extreme stability in terms of the location of regolith and aeolian cover.
Thus, we conclude that Namibian landscape approaches steady-state in three ways. First, it erodes so slowly that the landforms appear steady and little changing over geomorphic time scales of 10 4 to 10 5 yr. Second, the spatial similarity of rock and basin-scale erosion rates below and above the escarpment precludes differential erosion that would change overall landscape morphology unidirectionally. Third, the steadiness of erosion rates over time is suggested by the coincidence of cosmogenic and fission-track based rates of rock removal.
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